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ABSTRACT 
The t e n s i l e  p rope r t i e s  and plane s t r a i n  f r a c t u r e  toughness of 
1 / 2  and 1 inch t h i c k  2219-T87 aluminum a l l o y  have been determined as 
a func t ion  of t e s t i n g  a t  temperatures  from room t o  -423" F.  The t en -  
s i l e  and y i e l d  s t r eng ths  of t h i s  m a t e r i a l  show a gradual  i nc rease  as 
the  t e s t i n g  temperature i s  decreased t o  -423" F while  t he  e longa t ion  
and reduct ion  of a rea  remain e s s e n t i a l l y  unchanged. 
The plane s t r a i n  f r a c t u r e  toughness of t h i s  m a t e r i a l  i s  r e l a -  
t i v e l y  i n s e n s i t i v e  t o  t e s t i n g  temperature  and shows only a s l i g h t  i n -  
c rease  with decreasing t e s t i n g  temperature .  Specimens machined so  
t h a t  the crack propagat ion i s  perpendicular  t o  the r o l l i n g  plane show 
somewhat h igher  values  of plane s t r a i n  f r a c t u r e  toughness than  when 
crack  propagation i s  para l le l  t o  the  r o l l i n g  plane.  The plane s t r a i n  
f r a c t u r e  toughness of t he  1 inch  t h i c k  2219-T87 aluminum a l l o y  w a s  
somewhat lower than t h a t  of the 1 / 2  inch  t h i c k  p l a t e .  
I l l u s t r a t i v e  examples a r e  presented  us ing  these  parameters i n  
design.  
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- Notch depth o r  1 / 2  c rack  l eng th  
- Area 
- Specimen th ickness  
- B e a m  depth 
- Young's modulus 
- S t r a i n  energy r e l e a s e  r a t e  
- S t r a i n  energy r e l e a s e  r a t e  f o r  onse t  of f a s t  f r a c t u r e  i n  oepning 
mode type of f r a c t u r e  
- Parameter desc r ib ing  the  l o c a l  e l e v a t i o n  of the e l a s t i c  s t r e s s  
f i e l d  ahead of a c rack  
- C r i t i c a l  va lue  of above parameter f o r  onse t  of f a s t  f r a c t u r e  i n  
opening mode type of f r a c t u r e  
- Bending moment of beam 
- Form f a c t o r  
- Radius of p l a s t i c  s t r a i n  zone 
- Surface t ens ion  
- Poisson ' s  r a t i o  
- S t r a i n  energy 
- Gross s e c t i o n  s t r e s s  
- 0.2% o f f s e t  y i e l d  s t r e s s  
- Work func t ion  composed of su r face  t e n s i o n  and p l a s t i c  deformation 
Subsc r ip t s  
C - C r i t i c a l  va lue  of a parameter 
I - F i r s t ,  o r  opening, mode of f r a c t u r e  
. 
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PLANE STRAIN FRACTURE TOUGHNESS OF 2219-T87 &UMINLTM ALLOY 
AT ROOM AND CRYOGENIC TEMPERATURES 
Carl M. Carman, John W. Forney, and J e s s e  M. K a t l i n  
SUMMARY 
Inasmuch as f u t u r e  upper s tage  rocke t s  w i l l  use l i q u i d  hydrogen as 
a f u e l ,  t h e  p r o p e l l a n t  tanks w i l l  be requi red  t o  opera te  a t  -423" F. 
It is  t h e r e f o r e  d e s i r a b l e  t o  employ materials f o r  t hese  s t r u c t u r e s  which 
w i l l  possess  very high s t rength- to-dens i ty  r a t i o s  and material p r o p e r t i e s  
which w i l l  be s a t i s f a c t o r y  a t  the minimum ope ra t ing  temperatures .  
It appears  that th ree  types  of a l l o y s  o f f e r  t he  promise of achiev ing  
the  requi red  s t r e n g t h  i n  combination with adequate f r a c t u r e  toughness a t  
-423" F. This  r e p o r t  p re sen t s  engineer ing  des ign  d a t a  f o r  one such ma- 
t e r i a l  - 2219-T87 aluminum a l l o y .  
The s u i t a b i l i t y  of 2219-T87 aluminum a l l o y  f o r  cryogenic tankage 
a p p l i c a t i o n s  has  been s tud ied  by determining the  mechanical and f r a c t u r e  
p r o p e r t i e s  of t h e  material a t  t e s t i n g  temperatures ranging from room t o  
-423" F. Small round t e n s i l e  specimens were developed t o  measure the  
t e n s i l e  p r o p e r t i e s  over t he  range of t e s t i n g  temperatures.  Plane s t r a i n  
f r a c t u r e  toughness measurements were a l s o  made a t  t hese  temperatures us-  
i n g  t h e  !!pop-in" technique with a small notched bend specimen. 
S p e c i a l  techniques u t i l i z i n g  the s p e c i f i c  h e a t  of vapor i za t ion  of 
l i q u i d  helium were developed t o  t e s t  t h e  specimens a t  -423" F. The t en -  
s i l e  and y i e l d  s t r e n g t h s  of the 2219-T87 aluminum a l l o y  show a gradual  
i n c r e a s e  as t h e  t e s t i n g  temperature i s  decreased.  The e longa t ion  and 
r educ t ion  of area remain e s s e n t i a l l y  unchanged. 
The plane s t r a i n  f r a c t u r e  toughness of t h i s  material i s  r e l a t i v e l y  
i n s e n s i t i v e  t o  t e s t i n g  temperature, showing only a a l i g h t  i nc rease  wi th  
dec reas ing  t e s t i n g  temperature.  Tes ts  performed on specimens wi th  c rack  
propagat ion  perpendicular  t o  the r o l l i n g  plane show somewhat h igher  v a l -  
ues of plane s t r a i n  f r a c t u r e  toughness than  t e s t s  performed on specimens 
wi th  c rack  propagat ion p a r a l l e l  t o  t he  r o l l i n g  plane.  The plane s t r a i n  
f r a c t u r e  toughness of the one inch  t h i c k  p l a t e  w a s  somewhat lower than  
t h a t  of t he  1 / 2  inch  p l a t e .  
The da ta  a r e  summarized i n  terms of a par t - through d e f e c t  which w i l l  
be s t a b l e  a t  v a r i o u s  ope ra t ing  temperatures and s t r e s s  l e v e l s .  
1 
IXTRQDUCTLON 
The majori ty  of  l i qu id - fue led  rocket  boos te r  tanks used i n  the  
p a s t  have been cons t ruc ted  of ma te r i a l s  which have room temperature 
y i e l d  s t r eng th - to -dens i ty  r a t i o s  genera l ly  no t  exceeding 650,000 inches.  
These rocket  boos te rs  use l i q u i d  oxygen as the  f u e l  ox id i ze r  and the 
ope ra t ing  temperature of t he  l i q u i d  oxygen tanks i s  -297" F. A t  t h i s  
temperature,  the maximum y i e l d  s t r eng th - to -dens i ty  r a t i o  of these  ma- 
t e r i a l s  i s  approximately 850,000.in.  It i s . p l a n n e d  t o  f u e l  f u t u r e  rocke t  
boos t e r s  with l i q u i d  hydrogen and the  tanks would t h e r e f o r e  have t o  
func t ion  a t  -423" F.  Before l i q u i d  hydrogen can be used ,  however, t h e  
engineer ing,  mechanical, and f r a c t u r e  p r o p e r t i e s  must be determined a t  
-423" F fo r  candidate  materials,  
It would be d e s i r a b l e  t o  employ materials wi th  t h e  h ighes t  s t r e n g t h -  
to -dens i ty  r a t i o s  t o  reduce launching weight,  provided t h e  material prop- 
e r t i e s  a t  the  opera t ing  temperature  were s a t i s f a c t o r y .  Data presented  
a t  the  1960 ASTM Symposium on Low Temperature P r o p e r t i e s  of High S t r eng th  
A i r c r a f t  and Missile Alloys1* showed t h a t  the  s t r eng th - to -dens i ty  r a t i o  
of 850,000 inches could be exceeded s u b s t a n t i a l l y  by s e v e r a l  m a t e r i a l s  a t  
cryogenic  temperatures ,  namely, cold worked s t a b l e  a u s t e n i t i c  and meta- 
s t a b l e  s t a i n l e s s  s t e e l s ,  annealed alpha t i t a n i u m  a l l o y s ,  and c e r t a i n  a l u -  
minum a l l o y s  of the copper-bear ing s e r i e s .  
The p resen ta t ion  of t hese  da t a  was concerned most ly  with the  en- 
g inee r ing  mechanical p r o p e r t i e s  a t  -423" F, and only a l imi t ed  amount of 
t he  work covered f r a c t u r e  toughness i n v e s t i g a t i o n s .  Based on these  
papers ,  the Lewis Research Center of t h e  Na t iona l  Aeronaut ica l  and 
Space Adminis t ra t ion,  Cleveland,  Ohio, sponsored i n v e s t i g a t i o n s  con- 
cern ing  the f r a c t u r e  toughness c h a r a c t e r i s t i c s  a t  t e s t i n g  temperatures  
a s  low as -423" F t o  Frovtde b a s i c  design da ta  f o r  the  t i t a n i u m  and 
aluminum a l l o y s .  
A repor t2  has been publ ished r e c e n t l y  by Frankford Arsenal  which 
desc r ibes  the plane s t r a i n  f r a c t u r e  toughness c h a r a c t e r i s t i c s  of 5A1- 
2.5Sn ELI t i t an ium a l l o y  a t  room and cryogenic  tempera tures .  The p resen t  
r e p o r t  covers a s imi la r  type i n v e s t i g a t i o n  us ing  2219-T87 aluminum a l l o y .  
PROGRAM OBJECTIVES 
The object  of t h i s  program i s  t o  determine the  b a s i c  engineer ing  
design parameters of 2219-T87 aluminum a l l o y  a t  70",  -110", -320", and 




Nominal composition of the 2219-T87 aluminum a l l o y  i s  given i n  
-. Table I. The material w a s  suppl ied as 1 /2  inch  and 1 inch  t h i c k  r o l l e d  
p l a t e .  
TABU I. 
Chemical Composition of 
2219-T87 Aluminum Alloy 
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The ob jec t ive  of t h i s  programmay be m e t  by determing the  engineer-  
i n g  tezlsile p r c p e r t i e s  and t h e  f r a c t u r e  toughness c h a r a c t e r i s t i c s  of t he  
m a t e r i a l  over the s e r i e s  of t e s t i n g  temperatures .  The s t r e n g t h  l i m i t a -  
t i o n s  due t o  b r i t t l e  f r a c t u r e  may bes t  be i n v e s t i g a t e d  by the  a p p l i c a t i o n  
of t h e  G r i f f i t h - I r w i n  f r a c t u r e  mechanics approach. G r i f f i t h 3  s t a t e d  t h a t  
f o r  an i d e a l l y  b r i t t l e  m a t e r i a l  such as g l a s s ,  t he  s t r a i n  energy r e l eased  
p e r  u n i t  c rack  ex tens ion ,  a t  i n s t a b i l i t y ,  w a s  equa l  t o  twice the su r face  
t e n s i o n  p e r  u n i t  c rack  extension:  
For  more d u c t i l e  materials, however, t he  e f f e c t  of t he  work absorbFd 
by n l = - t i c  r --.a defo rmt lo i ;  c ~ t  he  crack t i p  had t o  be accounted f o r .  Irwin* 
proposed a work func t ion  be s u b s t i t u t e d  f o r  the s u r f a c e  t e n s i o n  t e r m  and, 
a t  i n s t a b i l i t y ,  Equation 1 becomes 
where o= work func t ion  composed of two terms: (1) su r face  f r e e  energy, 
and ( 2 )  p l a s t i c  deformation. 
3 
i n  the s p e c i a l  case of a through-tho-thickness  crack i n  an  i n f i n -  
i t e l y  large p l a t e ,  I n g l i s 5  has solved the  s t r e s s  a n a l y s i s  f o r  dw, giv-  
ing  r i s e  to Equation 3 :  dA 
= b  - -  d w  - n cr2 a dA E (3)  
I r w i n 6  proposed t h a t  the  events  a t  the lead ing  edge of a c rack  may 
be described i n  terms of a parameter ,  K ,  which i s  a func t ion  of t he  
l o c a l  e l eva t ion  of the  e l a s t i c  s t r e s s  f i e l d  ahead of the  c rack .  Crack 
propagation w i l l  take p lace  when the  s t r e s s  i n t e n s i t y ,  K ,  reaches a 
c r i t i c a l  value,  Kc o r  KIC ( f r a c t u r e  toughness) ,  depending on t h e  s t a t e  
of s t r e s s .  Therefore ,  i t  may be shown t h a t  
Kc2  = E bc (plane s t r e s s )  ( 4 )  I 
K I ~ ~  = E &rc (plane s t r a i n )  
(1 - rL> 
Since t h i s  program i s  pr imar i ly  concerned wi th  the  plane s t r a i n  
f r a c t u r e  toughness, Equation 5 i s  a p p l i c a b l e .  
(5) 
Measurement of Plane S t r a i n  F rac tu re  Toughness 
The measurement of the  plane s t r a i n  f r a c t u r e  toughness i s  compli- 
ca ted  by the requirement t h a t  t he  p l a s t i c  zone s i z e  a t  the c rack  t i p  be 
q u i t e  s m a l l  r e l a t i v e  t o  the  specimen c r o s s  s e c t i o n .  I n  the  p a s t  t h i s  
necess i t a t ed  the use of r e l a t i v e l y  l a r g e  specimens. 
H i s t o r i c a l l y ,  t he  c i r c u m f e r e n t i a l l y  notched round specimen has 
been the most popular specimen. However, f o r  t he  lower s t r eng th -h igh  
toughness m a t e r i a l s ,  the  major diameter necessary  t o  prevent  y i e l d i n g  
of the  net  s e c t i o n  i s  q u i t e  l a rge .  The requirements  f o r  t he  s u r f a c e -  
flawed specimen also make the  use of l a r g e  specimens mandatory. 
The slow notched bend t e s t  has been used ex tens ive ly  t o  measure 
the plane s t r a i n  f r a c t u r e  toughness of m a t e r i a l s .  It has  the  advan- 
tage t h a t ,  when r e l a t i v e l y  l a rge  specimens a r e  r equ i r ed  , t he  loads 
needed t o  break the specimens may be kep t  low by i n c r e a s i n g  the  span 
of the  specimens. 
specimens with only the maximum load o r  a simple load d e f l e c t i o n  curve 
being recorded. Modern ins t rumenta t ion  has  r e s u l t e d  i n  t h e  use of 
smal le r  s i ze  notched bend specimens t o  o b t a i n  r e l i a b l e  plane s t r a i n  
f r a c t u r e  toughness d a t a .  
Early work was p r i m a r i l y  confined t o  q u i t e  l a rge  
Recently,  Boyle, Su l l ivan ,  and K r a f f t 7  developed a technique f o r  
measuring the plane s t r a i n  f r a c t u r e  toughness  us ing  sha rp ly  notched 
s h e e t  specimens. They observed t h a t  t he  i n i t i a l  b u r s t  of c rack  growth 
from the  notch o r  f a t i g u e  c rack  occurred under plane s t r a i n  condi t ions .  
This technique c o n s i s t s  of determining the  load -de f l ec t ion  curve of t he  
specimen. 
de t ec t ed  as a n  i n f l e c t i o n  i n  the  load-def lec t ion  curve.  
The i n i t i a l  b u r s t  of crack ex tens ion ,  o r  "pop-in," may be 
S ize  i s  an  important f a c t o r  i n  s e l e c t i n g  specimens f o r  cryogenic  
t e s t i n g .  Large specimens r e q u i r e  excess ive  amounts of c o s t l y  cryogenic  
l i q u i d s  t o  cool  them. Consequently, i t  i s  d e s i r a b l e  t o  use as small a 
specimen as poss ib l e  and s t i l l  be  c o n s i s t e n t  wi th  the  experimental  con- 
d i t i o n  f o r  ob ta in ing  v a l i d  f r a c t u r e  toughness measurements. Therefore ,  
the  small notched bend specimen was s e l e c t e d  f o r  t h i s  s tudy .  This  speci-  
men o f f e r s  t he  advantage of small s i z e  and minimum breaking load.  
u s ing  the  "po?-'id' technique,  it may be poss ib l e  t o  f u r t h e r  reduce the 
specimen s i z e .  
By 
I n  a t tempt ing  t o  aeasure  t h e  plane s t r a i n  f r a c t u r e  toughness of low 
s t r eng th -h igh  toughness m a t e r i a l s ,  i t  i s  necessary t o  determine the  mini- 
mum s i z e  specimen which w i l l  g ive  v a l i d  plane s t r a i n  f r a c t u r e  toughness 
va lues .  
depth  was made us ing  1 /4  inch  t h i c k  2014-T6 aluminum a l l o y ,  a d i f f e r e n t  
material. This ma te r i a l  was used i n  a previous program and a plane 
s t r a i n  f r a c t u r e  toughness value ( K I ~ )  of 32,000 p s i  a t  room t e m -  
p e r a t u r e  had been e s t a b l i s h e d .  
t a b l i s h e d  by performing t e s t s  us ing  c i r c u m f e r e n t i a l l y  notched-fat igue 
cracked round specimens and pop-in tes ts  of cen te r  cracked s h e e t s  and 
s i n g l e  edge notched specimens. 
A pre l iminary  survey of the e f f e c t s  of beam depth and notch 
The v a l i d i t y  of t h i s  KIc value was e s -  
The genera l  conf igura t ion  of the  notched bend specimen i s  shown i n  
F igure  1, Three Seam depths (1 /2 ,  3 / 4 ,  and 1 inch) and two crack  depths  
(10 and 20 percent )  were used f o r  t hese  tests.  The specimens were ma- 
chined wi th  a notch roo t  r ad ius  of 0.001 inch ,  maximum. Previous work9 
has  shown t h a t  even f o r  s o f t e r  aluminum a l l o y s ,  notch sharpness  may a f -  
f e c t  t h e  x a s u r e d  va lue  of plane s t r a i n  f r a c t u r e  toughness. Consequently, 
a l l  of t he  notched bend ba r s  were precracked i n  f a t i g u e  p r i o r  t o  t e s t i n g .  
A small, h igh ,  e longat ion  s t r a in  gage w a s  cemented a t  t h e  t i p  of t h e  
crack t o  d e t e c t  t h e  pop-in. The specimens were t e s t e d  i n  th ree -po in t  
l oad ing  u s i n g  a n  I n s t r o n  t e s t i n g  machine. A schematic of t he  loading 
arrangement i s  shown i n  Figure 2. The output  of the  s t r a i n  gage w a s  fed  
i n t o  a s t r a i n  gage preampl i f ie r  and a p l o t  of load vs  specimen d e f l e c t i o n  
w a s  ob ta ined  on t h e  x-y recorder .  The pop-in was de tec ted  as a n  i n f l e c -  
t i o n  i n  the  load-def l e c t i o n  curve .  
The plane s t r a i n  f r a c t u r e  toughness was c a l c u l a t e d  from t h e  load a t  
pop- in  and i n i t i a l  crack length ,  using a s t r e s s  a n a l y s i s  developed by 
Bueckner.10 H i s  express ion  i s  
6M 31z  f ( a /d )  - 
K1 - (d - a) 






























Valce of f ( a / d )  a s  a Function of a /d  
a / d  0.05 0.10 0.20 0.30 0.40 0.50 0 .GO 
f (a /d)  0.36 0.49 0.60 0.66 0.69 0.72 O"73 
The room temperature plane s t r a i n  f r a c t u r e  toughness da t a  f o r  
2014-T6 aluminum a l l o y s  a r e  p l o t t e d  as a func t ion  of the  beam depth i n  
Figure 3. It w i l l  be observed t h a t  t he  maximum value of K I ~  i s  less 
than the  value of 32,000 p s i  Under these  cond i t ions ,  a p l a s t i c  
zone co r rec t ion  may be requi red .  The r ad ius  o f  the p l a s t i c  zone may be 
ca l cu la t ed  from 6 
The value of rys  i s  added t o  the measured va lue  of a.  The new 
value of a 
This  process i s  repea ted  u n t i l  the  change i n  KIc i s  very small .  The 
s e r i e s  rap id ly  converges s o  t h a t  only th ree  o r  fou r  c a l c u l a t i o n s  are 
needed t o  produce a n e g l i g i b l e  change i n  K I ~ .  These va lues  a r e  p l o t t e d  
i n  Figure 3. I n  s t u d i e s  of t4e  e f f e c t  of specimen s i z e  on the  measured 
va lues  of plane s t r a i n  f r a c t u r e  toughness of 7075-T6 aluminum a l l o y s ,  
Boyle, Su l l ivan ,  and K r a f f t 7  have shown t h a t  a minimum specimen s i z e  
e x i s t s  fo r  v a l i d  measurements of the plane s t r a i n  f r a c t u r e  toughness.  
Tes t s  of l a r g e r  specimen s i z e s  do not apprec i ab ly  a l t e r  t he  K I ~  va lues .  
These data  f o r  2014-T6 aluminum a l l o y  show t h e  same t r end  as t h a t  re- 
ported fo r  t he  7075-T6 aluminum a l l o y .  
beam depth should be the  minimum specimen s i z e .  
i s  s u b s t i t u t e d  i n  Equation 6 and KIc i s  ca l cu la t ed  aga in .  
By analogy,  then ,  t he  3 /4  inch  
Having e s t a b l i s h e d  v a l i d  plane s t r a i n  f r a c t u r e  toughness va lues  
f o r  t he  2014-T6 aluminum, i t  i s  poss ib l e  t o  desc r ibe  the  necessary  
experimental  condi t ions  f o r  accu ra t e  plane s t r a i n  f r a c t u r e  toughness 
measurements. It was shown7 t h a t ,  f o r  s a t i s f a c t o r y  pop-in measure- 
ment, the  specimen th ickness  should be e q u a l  t o  a t  l e a s t  fou r  t i m e s  
the  rad ius  of the  p l a s t i c  zone s i z e .  
p l a s t i c  zone s i z e  gave a value of 0.0387 inch .  The 0.25 inch  t h i c k  
specimen, t h e r e f o r e ,  w a s  more than adequate  t o  meet t h i s  requirement.  
C a l c u l a t i o n  of the  r a d i u s  of the  
From the  preceeding d i scuss ion  i t  w a s  decided t h a t  a specimen 
depth of 0.750 inch w a s  necessary f o r  a c c u r a t e  p lane  s t r a i n  f r a c t u r e  
toughness measurements. K r a f f t ,  i n  h i s  work on s h e e t  specimens, has  
recommended t h a t  the specimen width be a t  l e a s t  20 times the  r a d i u s  
of the  p l a s t i c  zone s i z e ,  By analogy, t he  beam depth  of t he  specimen 
should conform t o  t h i s  requirement.  The re fo re ,  a minimum beam depth 
of 0.774 inch w a s  needed. 
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Gross l l  has s t a t e d  t h a t  the l i m i t  of a p p l i c a b i l i t y  of the specimen 
w i l l  be reached i f  the nominal s t r e s s  a t  the crack t i p  reaches the  y i e l d  
s t r e s s  of the m a t e r i a l ,  as s t a t e d  i n  
Solu t ion  of Equation 8 f o r  d-a gave a value of 0.481 inch.  With a 
20 percent  notch depth,  t h i s  would give a beam depth of 0.601 inch .  This 
c r i t e r i o n  i s  somewhat l e s s  conserva t ive  than  20 t imes the p l a s t i c  zone 
s i z e .  
Tens i le  Tes t ing  
A s  mentioned previous ly ,  l a r g e r  consumptions of cryogenic  coo lan t s  
and the  mechanical l i m i t a t i o n s  of the c r y o s t a t  n e c e s s i t a t e d  the  use of 
small specimens, cons i s t en t  with obta in ing  v a l i d  d a t a ,  f o r  K l c  measure- 
ments. ?his  a l s o  holds  t r u e  f o r  the  de te rmina t ion  of t he  engineer ing  
t e n s i l e  p rope r t i e s .  Therefore ,  a smal l  round t e n s i l e  specimen, 0.160 
inch i n  diameter (Figure 4 )  w a s  used f o r  t hese  s t u d i e s .  Small s t r a i n  
gages were used t o  determine the s t r a i n  of the  specimen. 
I- 2'1 
Figure 4 .  Small Round Tens i l e  Specimen 
EXPERIMENTAL TECHNIQUE 
The experimental  arrangement used f o r  loading  the  notched bend 
specimens has been descr ibed previous ly .  Specimens t e s t e d  a t  ambient 
temperature were broken i n  a i r  a t  approximately 70" F. T e s t s  a t  -110" 
10 
c 
and -320" F were conducted by immersing the compression column spec i -  
men 2nd a s soc ia t ed  appara tus  i n  a mixture of dry i c e  and acetone and i n  
l i q u i d  n i t rogen ,  r e s p e c t i v e l y .  
Since i t  was not  p r a c t i c a l ,  from a s a f e t y  s t andpo in t ,  t o  use l i q -  
u i d  hydrogen i n  the  labora tory ,  a system had t o  be developed whereby 
t e s t i n g  could be accomplished a t  -423" F. The method devised u t i l i z e d  
t h e  evapora t ing  gas of l i q u i d  helium (-452" F) as t h e  coolan t .  The 
co ld  gas passed over  an e l e c t r i c a l  r e s i s t a n c e  h e a t e r  c o n t r o l l e d  so  t h a t  
t he  emerging stream of hea ted  gas maintained the  tes t  specimen a t  l i q u i d  
hydrogen temperature.  A schematic of  the c r y o s t a t  and a s soc ia t ed  appa- 
r a t u s  used is  shown i n  F igure  5. 
A b r i e f  d e s c r i p t i o n  of the  operat ion of t h e  c r y o s t a t  fol lows.  Af- 
t e r  p l ac ing  tbe specimen i n  pos i t i on  i n  the  ho lde r ,  making a l l  e l e c t r i c a l  
connect ions,  and s e a l i n g  the c ryos t a t  t o  t he  t e s t i n g  machine, l i q u i d  
n i t r o g e n  is  introduced i n t o  the outer  dewar  u n t i l  the  proper  l e v e l  i s  
obtained.  This  s e r v e s  as  a s h i e l d  f o r  t he  l i q u i d  system. Liquid  
n i t r o g e n  i s  then  slowly introduced through i n l e t  the inner  
dewar and allowed t o  b o i l .  The bo i l -o f f  gas 
then  drops down i n t o  cup 11 as shown by @ The gas then  t r a v e l s  up 
through the  opening a t  t h e 9 o t t o m  of  t he  cold f i n g e r  @@over the h e a t e r  
and the rmis to r ,  over the specimen, and out  t h e  exhaust  . Excess p res -  
su re  i s  b l ed  o f f  by exhaust  va lve  0. Cooling wi th  l i q u i d  n i t rogen  i s  
cont inued u n t i l  the  specimen temperature i s  approximately -250" F. The 
system i s  now purged w i t h  helium gas,  and l i q u i d  helium i s  then  t r a n s -  
f e r r e d  i n t o  the  i n n e r  ( a rea  @) dewar. The pa th  of t h e  co ld  helium 
gas is  the same as t h a t  of t h e  n i t rogen  gas.  However, when the  temper- 
a t u r e  of t he  cold helium gas stream i s  below -423" F ,  t he  h e a t e r  c o i l  
i s  energ ized  t o  cond i t ion  the  gas stream t o  l i q u i d  hydrogen temperature.  
The temperature  of t h e  specimen i s  confirmed by means of a d i f f e r e n t i a l  
thermocouple. The specimen i s  maintained a t  temperature f o r  10 minutes 
p r i o r  t o  t e s t i n g .  
EXPERIMENTAL RESULTS AND DISCUSSION 
One-half Inch Thick 2219-T87 Aluminum Alloy P l a t e  
Engineer ing Tens i l e  P r o p e r t i e s  
The engineer ing  t e n s i l e  p rope r t i e s  of t h i s  material, as  d e t e r -  
mined us ing  the 0.160 inch  diameter t e n s i l e  specimens, are p l o t t e d  i n  
F i g u r e  6 as a func t ion  of t e s t i n g  temperature,  and the va lues  are tabu- 
l a t e d  i n  Table 111, 
"Circled numbers r e f e r  t o  Figure 5 .  
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Moveable Cross head 
S t r a i n  Bar 
Exhaust - He lium 
Exhaust - Nitrogen & Helium 
Vacuum 
Inner Glass  Dewar F l a sk  
Outer Glass  Dewar  F l a sk  
Liquid Nitrogen 
Glass Cold Finger  
H e l i u m  Gas Downflow Area 
Outer Cup - Cold Finger  
12 .  Wire Mesh Cage f o r  Heater 
13. Specimen Holder 
14. Beam Specimen 
15. Heater ,  Thermistor  & Specimen 
16. Liquid  and/or  Gaseous Helium 
17. S t e e l  Compression Tube 
18. Liquid  Helium I n l e t  
19. L iquid  Ni t rogen  I n l e t  
20. Amphenole P l u g  f o r  Instrumenta-  
t i o n  Lead Wires 
& Thermistor  
Thermocouple 
Figure 5. Schematic of Cryos ta t  and Assoc ia ted  Apparatus 
used f o r  Tests Conducted a t  -423" F 
12  




















REDUCTION OF AREA 
-400 -300 -200 -100 0 loo 
TEMPERATURE (OF)  
Figure 6 .  Tensile Properties of 1/2 inch thick Plate of 2219-T87 Aluminum 
Alloy as a Function of Testing Temperature 
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Tens i l e  P r o p e r t i e s  of 
Tes t  
(OF) Di rec t ion  
Temp 
Ambient Longi tudina l  
Ambient Longi tudina 1 
Ambient Transverse 
Ambient Transverse 
-110 Longi tudina l  
-110 Longi tudina l  




-3 20 Transverse 
Long i tud i n a  1 
Long i t ud i n a  1 
-423 Longi tud i n a  1 
-423 Lsngi tudina l  
-423 Transverse 
-423 Transverse 
The s t r e n g t h  
TABLE 111. 
1/2 inch  t h i c k  2219-T87 Aluminum Alloy 
St renpth  ( p s i )  
Y i e l d  a t  
0.20% Offse t  
57,300 
5,6,500 
54 , 400 
55 , 100 
60 , 400 
59,500 
58,000 
58 , 500 
67,500 
66 , 300 




66 , 500 
Tens i l e  
70 , 000 
69,000 
66 , 700 
67,400 
73 , 500 
73 , 800 
72 , 300 
72 , 100 
83 , 800 
83,800 
81,900 
10 2 , 000 
96 , 100 






































prope r t i e s  of t h i s  material are not  g r e a t l y  sen-  
s i t i v e  t o  the  t e s t i n g  temperature.  However, a gradual  i nc rease  i n  y i e l d  
and t e n s i l e  s t r e n g t h s  d id  occur upon decreas ing  the t e s t i n g  temperature  
t o  -423" F. The e longat ion  and r educ t ion  of a r e a  were no t  a f f e c t e d  by 
reducing the  t e s t i n g  temperature These va lues  are i n  c l o s e  agreement 
with those repor ted  by Ti f fany .  15. 
Plane S t r a i n  F rac tu re  Toughness 
I n  rccordance wi th  the concepts  advanced ear l ie r ,  it i s  neces-  
s a r y  t o  determine the  minimum specimen s i z e  t o  o b t a i n  v a l i d  plane s t r a i n  
f r a c t u r e  toughness va lues .  A s e r i e s  of notched bend b a r s ,  having a 20 
percent  notch wi th  depths varying from 1/2 t o  1-1/2 i nches ,  was machined 
from the 1/2 inch  t h i c k  2219-T87 aluminum a l l o y  p l a t e .  The experimen- 
t a l l y  determined plane s t r a i n  f r a c t u r e  toughness va lues  are p l o t t e d  as 
a func t ion  of specimen depth i n  F igu res  7, 8, 9, and 10, and the  va lues  














Figure 7 .  Plane Strain Fracture Toughness of 2219-T87 Aluminum Alloy 
as  a Function of  Beam Depth, for Room Temperature Tests 
Figure 8 .  Plane Strain Fracture Toughness of 2219-T87 Aluminum Alloy 
as  a Function of BeamDepth, for -110" F Tests 
15 
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Figure  9. Plane S t r a i n  F rac tu re  Toughness of 2219-T87 Aluminum Alloy 
as a Function of B e a m  Depth, f o r  -320" F T e s t s  
.- 
I j4 I 
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Figure  10. Plane S t r a i n  F rac tu re  Toughness of 2219-T87 Aluminum Alloy 









TABLE 1V.  
Plane Strain Fracture Toughness as a Function of 
Specimen Size and Temperature for 

































































































































































































































Fcl?svFag t h e  discuss ion  of t he  da t a  f o r  the  2014-T6 aluminum 
a l l o y ,  i t  may be concluded t h a t  the  one inch  deep beam i s  s u f f i c i e n t l y  
l a r g e .  fo r  t h i s  m a t e r i a l .  It was f e l t  t h a t  room temperature da t a  f o r  
l ong i tud ina l  specimens would provide adequate information s i n c e  the  
toughness i n  the  o the r  d i r e c t i o n s  i s  usua l ly  l e s s  and the  y i e l d  s t r e n g t h  
inc reases  wi th  decreas ing  t e s t  temperature.  These condi t ions  would r e -  
q u i r e  a smaller minimum s i z e  specimen f o r  t he  cryogenic  temperatures .  
Data obtained a t  -320" F show t h a t  a one inch  beam depth was needed 
e v e n ' a t  t h i s  temperature;  t h e r e f o r e ,  a one inch beam depth w a s  s e l e c t e d  
f o r  a l l  t e s t  temperatures.  
Poss ib l e  v a r i a t i o n  of the plane s t r a i n  f r a c t u r e  toughness wi th  
r e spec t  t o  crack o r i e n t a t i o n  i s  of practical  importance t o  the  des igner .  
I n  t h i c k  p l a t e s  i t  i s  poss ib l e  t o  study the  plane s t r a i n  f r a c t u r e  tough- 
ness  of the ma te r i a l  with r e spec t  t o  an iso t ropy .  The o r i e n t a t i o n  of 
t he  var ious specimens i s  shown i n  Figure 11. I n  t h i s  f i g u r e ,  the "L" 
and "T" designat ions give the o r i e n t a t i o n  of the  specimens r e l a t i v e  t o  
the r o l l i n g  d i r e c t i o n  of the p l a t e ;  i n  the  "S" s e r i e s ,  the d i r e c t i o n  of ' 
crack  propagation i s  p a r a l l e l  t o  the  r o l l i n g  p lane ,  while specimens i n  
the  "D" s e r i e s  a r e  s o  o r i en ted  t h a t  the pa th  of c rack  propagat ion i s  
perpendicular  t o  the r o l l i n g  plane.  
I n  Figure 12, the plane s t r a i n  f r a c t u r e  toughnesses f o r  one 
inch beam depth LS and TS specimens a r e  p l o t t e d  as a func t ion  of t e s t i n g  
temperature,  and the data a r e  given i n  Table V.  The plane s t r a i n  f r a c -  
t u r e  toughness of t h i s  ma te r i a l  i s  r e l a t i v e l y  i n s e n s i t i v e  t o  t e s t i n g  
temperature.  These da t a  show a t rend s imilar  t o  t h a t  repor ted  by 
T i f f a n y l l  ( s o l i d  p o i n t s ) .  
In order  t o  compare the e f f e c t s  of c rack  o r i e n t a t i o n  on the  
plane s t r a i n  f r a c t u r e  toughness of the  1 / 2  inch  t h i c k  p l a t e  of 2219-T87 
aluminum a l l o y ,  only beam depths  of 1 / 2  i nch  could be used. Lower 
bound plane s t r a i n  f r a c t u r e  toughness values* obta ined  f o r  the  LS and 
TS s e r i e s  using 1 / 2  inch beam depth specimens a r e  p l o t t e d  i n  Figure 13 
a s  a func t ion  of t e s t i n g  temperature .  These d a t a  show a gene ra l  de- 
p re s s ion  of the  measured plane s t r a i n  f r a c t u r e  toughness a t  t e s t i n g  
temperatures above -423" F. The da ta  p o i n t s  f o r  -423" F a r e  i n  agree-  
ment wi th  those obtained us ing  l a rge  specimens. 
S imi l a r  da t a  f o r  t he  LD and TD series a r e  shown i n  F igure  14. 
Comparison of F igures  13 and 14 shows t h a t  t he  lower bound plane s t r a i n  
f r a c t u r e  toughness f o r  c racks  propagat ing pe rpend icu la r  t o  the  r o l l i n g  
plane of the p l a t e  i s  g r e a t e r  than  f o r  c r acks  propagat ing  p a r a l l e l  t o  
t he  r o l l i n g  plane.  
us ing  sur face- f  lawed specimens 
*Plane s t r a i n  f r a c t u r e  toughness va lues  c a l c u l a t e d  us ing  data obta ined  
These va lues  a r e  always less  than  the  t r u e  Plane 
S imi l a r  behavior  has  been observed by Tiffany13 
from specimens which a r e  too  small have been a r b i t r a r i l y  def ined  as 
lower bound va lues .  
s t r a i n  f r a c t u r e  toughness.  
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R O L L I N G  D I R E C T I O N  
Figure 11. Orientation of Test Specimens with Respect to  Plate 
F 
TESTING TEYPERATURE~F)  




SOLID POINTS FROM TIFFANY (12 
*PART THROUGH SHEET 
@NOTCHED ROUND 
Figure 12. Plane Strain Fracture Toughness of 1/2 Inch Thick 2219-T87 
Aluminum Alloy Plate as  a Function of Testing Temperature 
(Crack growth parallel t o  ro l l ing  plane) 
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It i s  be l ieved  t h a t  t he  h igher  energy abso rp t ion  f o r  c racks  
propagating perpendicular  t o  the  r o l l i n g  plane w a s  due t o  delaminat ion 
of t h e  plate. These delaminat ions are q u i t e  apparent  upon examination 
of t he  f r a c t u r e  su r face  (Figure 1 5 ) .  
TABLE V. 
Plane  S t r a i n  Frac ture  Toughness of 
One-half Inch Thick 2219-T87 Alumipum Alloy P l a t e  
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F i g u r e  14. Lower Bound Plane S t r a i n  F rac tu re  Toughness of 1 / 2  Inch Thick 
2219-T87 Aluminum Alloy P l a t e  as a Funct ion of Tes t ing  
Temperature (Crack growth perpendicular  t o  r o l l i n g  plane)  
2 1  
One Inch Thick 2219-T87 Aluninum Alloy P l a t e  
Engineer ing Tens i l e  Proper  t i e  s 
The engineer ing t e n s i l e  p r o p e r t i e s  of t h i s  m a t e r i a l  a r e  
p l o t t e d  i n  Figure 1 6  as a func t ion  of t e s t i n g  temperature ,  and the  data  
a r e  summarized i n  Table VI. E s s e n t i a l l y  the same comments a r e  p e r t i -  
nent  regarding these data as f o r  the da ta  from the  one-half  inch p l a t e .  
TABLE V I .  
Tens i l e  P rope r t i e s  of One Inch Thick 2219-T87 Aluminum Alloy P l a t e  
Test S t r e c g t h  ( p s i )  Reduction 
Temp Yie ld  a t  Elongat ion of Area 
Direc t ion  0.20% O f f s e t  Tens i l e  (%) (%) 0 
Ambient Longi tudinal  54 , 200 66,200 14.7 28.9 
Amb i e  n t Long i t ud ina  1 54 , 500 67,200 17.3 30.9 
Ambient Transverse 53 , 800 67,500 12 .7  
Ambient Transverse 55,000 66 , 700 12.9 21 .1  
-110 Longitudinal  58,000 70 , 600 14.7 26.5 
-110 Longitudinal  57,000 70 , 100 14.2 27.9 
-110 Transverse 56,700 71 , 200 11.1 16.7 
-110 Transverse 54,800 7 1  , 200 11.1 19.1 
-320 Longi tudinal  65 , 500 81 , 600 16.4 28.9 
-320 Longi tudinal  67,000 82,000 18.2 30.9 
-320 Transverse 66 , 000 83 , 050 12.9 24.5 
-3 20 Transverse 66 , 100 83,900 12.9 21 .1  
-423 Longi tudinal  7 1  , 200 95,000 22.2 28.9 
-423 Long i t ud ina  1 70 , 600 92 , 700 27.9 
-423 Transverse 76 , 200 96 , 100 16.9 24.5 
-423 Trans ve r s e 68,000 96,000 16.4 1 9 . 1  
Plane S t r a i n  F rac tu re  Toughness 
The plane s t r a i n  f r a c t u r e  toughness of t h i s  p l a t e  was deter-  
mined using a s m a l l  bend specinen which w a s  one-half  inch  t h i c k  by 
one inch  deep. The values  of plane s t r a i n  f r a c t u r e  toughness d e t e r -  
mined using specimens o r i e n t e d  i n  the  LS and TS d i r e c t i o n s  a r e  shown 




Neg : 36.23 1. S 1565/AMC. 65 
L a m i  n a t  i on s 
Lami n a t i  ons  
D i r e c t i o n  o f  
C r a c k  Growth 
R o l l i n g  D i r e c t i o n  -
Figure  15. F rac tu re  Surfaces  of Bend Specimens showing Delaminations 
f o r  Cracks Propagat ing Perpendicular  t o  t h e  Ro l l ing  Plane 
















Figure  16. 
REDUCTION OF AREA 
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TABLE VII. 
(Crack Growth P a r a l l e l  t o  Ro l l ing  P lane)  
F rac tu re  Toughness of One Inch  Thick 2219-T87 Aluminum Alloy P l a t e  
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These da t a  show a gradual 
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40 , 100 
t r end  of i nc reas ing  plane s t r a i n  
toughness wi th  decreas ing  t e s t i n g  temperature below -110" F. 
The gene ra l  l e v e l  of plane s t r a i n  f r a c t u r e  toughness repor ted  here  i s  
somewhat lower than  t h a t  of the 1 / 2  i nch  t h i c k  p l a t e .  
of K I ~  are i n  c l o s e r  agreement wi th  those r epor t ed  by Ti f fany .  How- 
e v e r ,  t h i s  w s u l d  3e a n t i c i p a t e d  s ince  T i f f a n y ' s  specimens were taken 
from r e l a t i v e l y  heavy p l a t e ,  i .e . ,  up t o  2-1/2 inches  i n  th ickness .  
These va lues  
The d a t a  obtained f o r  the LD and TD s e r i e s  of specimens a r e  
shown as a func t ion  of t e s t i n g  temperature i n  F igure  18 and a r e  tabu-  
l a t e d  i n  Table VIII. The l e v e l  of  plane s t r a i n  f r a c t u r e  toughness 
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than for comparable specimens taken in the LS and TS orientation. This 
effect may be attributed to delaminations in the short transverse di- 
re c tion. 
TABLE VIII. 
(Crack Growth Perpendicular to Rolling Plane) 









Load Crack Length KIc 
Direction 0 (in.) (psi K) 
L ong i t ud ina 1 3 930 0.2703 48,400 
Long i tud ina 1 40 75 0.2639 49 , 600 
Longitudinal 3550 0.2248 38 , 300 
Transverse 3410 0.2706 42 , 700 
Transverse 3050 0.2473 37,900 
Transverse 3975 0.2682 49 , 100 
Long i t udina 1 4110 0.2515 48,400 
Longitudinal 4800 0.2211 51,400 
Longitudinal 3 760 0.2165 39 , 700 
Transverse 35 70 0.2489 41,400 
Transverse 3 240 0.2555 38 , 600 
Transverse 3500 0.2516 41,300 
Longi tud ina 1 4190 0.2077 43 , 100 
Long i tud ina 1 40 10 0.2148 44 , 900 
Longitudinal 43 70 0.2165 46,500 
Transverse 3 600 0.2350 40 , 300 
Transverse 3690 0.2426 42,100 
Transverse 3680 0.2425 42,000 
Longitudinal 4 700 0.2460 54 , 600 
Longitudinal 4700 0.2480 54,500 
Transverse 41 75 0.2566 49,400 
Trans ve r se 4 740 0.2593 56,600 
Transverse 43 10 0.2596 51,600 
Long i tud ina 1 4500 0.2591 55,000 
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DESIGN CONSIDERATIONS 
Of the many cons idera t ions  t o  which the  des igner  must devote a t -  
t e n t i o n ,  those discussed i n  t h i s  r epor t  a r e  the  y i e l d  s t r e s s  and plane 
s t r a i n  f r a c t u r e  toughness. 
The data f o r  the y i e l d  s t r e s s  a t  the va r ious  t e s t  temperatures 
have been t abu la t ed  and are se l f -explana tory .  I n  F igure  19, the  c rack  
depth f o r  i n s t a b i l i t y  i s  p l o t t e d  as a func t ion  of gross  s e c t i o n  s t r e s s  
f o r  a panel conta in ing  a s e m i e l l i p t i c a l  crack.  Examination of t hese  
curves shows t h a t  plane s t r a i n  i n s t a b i l i t y  w i l l  be achieved before  a 
c rack  could develop through the  p l a t e  t h i ckness .  Consequently, des ign  
cons idera t ion  must be d i r e c t e d  toward the  maximum s i z e  of d e f e c t  which 
is  s t a b l e  a t  the  opera t ing  stress. An example of the use of t h i s  f i g u r e  
as an a i d  t o  engineer ing  design fol lows.  
I f  a s t r u c t u r e  were t o  be f a b r i c a t e d  of the one inch t h i c k  2219-T87 
aluminum a l l o y  f o r  s e r v i c e  a t  -320" F ,  t he  K I ~  i n  the  d i r e c t i o n  of i n -  
t e r e s t  would be determined from Table V I 1 1  (e.g., LD K I ~  = 45,000 p s i  
G). If  the  design s t r e s s  f o r  t h i s  s t r u c t u r e  were approximately 80 
percent  of the  y i e l d  s t r e n g t h  (53,000 p s i ) ,  then ,  as determined from 
Figure 19 ,  the  maximum al lowable depth of d e f e c t  would be 0.24 inch.  
I f  t he  s t r u c t u r e  were f a b r i c a t e d  from t h i s  material f o r  use a t  -423" F 
and the  crack were propagat ing perpendicular  t o  bo th  the  plane of t h e  
p l a t e  and r o l l i n g  d i r e c t i o n  (TD), t h e  K I ~  would be 52,500 p s i  & If 
t h e  minimum crack depth which would be de t ec t ed  by nondes t ruc t ive  means 
were 0.200 inch ,  t he  i n  F igure  19 would be 0.200 inch  and the  max- 
imum allowable s t r e s s  a t  which t h i s  s t r u c t u r e  could be opera ted  would 
be approximately 67,000 p s i .  These va lues ,  however, do no t  inc lude  
any allowance f o r  a s a f e t y  f a c t o r .  
CONCLUSIONS 
It may be concluded t h a t  
1. The t e n s i l e  p r o p e r t i e s  of 2219-T8 aluminum a l l o y  are r e l a -  
t i v e l y  i n s e n s i t i v e  t o  t e s t i n g  temperature .  The y i e l d  s t r e n g t h  v a r i e s  
from approximately 57,300 p s i  a t  room temperature  t o  75,000 p s i  a t  
-423" F. 
2. The plane s t r a i n  f r a c t u r e  toughness of 2219-T87 aluminum a l -  
loy i s  a l so  r e l a t i v e l y  i n s e n s i t i v e  t o  t e s t i n g  temperature .  
s t r a i n  f r a c t u r e  tou  hness v a r i e s  from 36,100 p s i  a t  room tempera- 
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3 .  The plane s t r a i n  f r a c t u r e  toughness of 2219-T87 aluminum a l -  
loy is  s e n s i t i v e  t o  the  o r i e n t a t i o n  of the  specimen i n  the p l a t e .  Those 
specimens o r i en ted  s o  t h a t  the crack propagat ion is  perpendicular  t o  the  
r o l l i n g  plane show higher  va lues  of plane s t r a i n  f r a c t u r e  toughness.  
This  e f f e c t  has been a sc r ibed  t o  delaminat ion i n  the p l a t e .  
4 .  The plane s t r a i n  f r a c t u r e  toughness of t he  one inch  t h i c k  
2219-T87 aluminum a l l o y  p l a t e  i s  somewhat lower than  t h e  value obtained 
f o r  the  one-half inch t h i c k  p l a t e .  
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